is blocked by the competitive antagonist AP5. In the presence of AP5, the Rhythmic activity, resembling the locomotor pattern NMDA-induced rhythmic firing ( Fig. 1A) was replaced by generated in vivo, is induced in in vitro preparations of the tonic firing if the membrane potential was maintained above lumbar spinal cord by bath-applied N-methyl-D-aspartate threshold for action potentials with a depolarizing bias ( NMDA ) . Under these conditions, rhythmic firing in mocurrent ( Fig. 1Ba) , while a steady membrane potential toneurons is produced by sequential bouts of excitatory was observed with subthreshold bias currents (Fig. 1 , Bb and inhibitory synaptic input from the premotor network and Bc). assisted by intrinsic oscillatory membrane properties in The rhythmic activity induced by NMDA was also abolmotoneurons ( Guertin and Hounsgaard 1998; Hochman ished by application of L-type calcium channel antagonists et al. 1994; Sillar and Simmers 1994; Wallén and Grillner (Table 1 ). Figure 1 shows that rhythmicity restored after 1987 ) . In lampreys, these intrinsic oscillatory properties washing out AP5 (Fig. 1C ) was again abolished by applicaare mediated by NMDA receptor channels and calciumtion of 7 mM nifedipine, an antagonist specific for the dihydependent potassium channels ( Wallé n and Grillner 1987 ) dropyridine binding site on L channels. Rhythmicity was with only minor contribution from calcium channels ( Matreplaced by tonic firing at suprathreshold potentials (bias sushima et al. 1993 ) . Here we show that NMDA-induced current of /1.1 nA; Fig. 1Da ) and by a stable resting potenoscillations in spinal motoneurons of adult turtles are tial at more hyperpolarized levels (Fig. 1, Db and Dc). The blocked by three different classes of antagonists for L-type effect of nifedipine was reversible ( Fig. 1E ). This supcalcium channels. This finding indicates that ion channels pressive effect was detectable with concentrations of nifedicontribute with different weight to rhythmicity in motopine as low as 50 nM. Note that in absence of TTX in the neurons from different species. bath, antagonist effects in Fig. 1 may include presynaptic actions.
M E T H O D S
In slice preparations, rhythmic activity induced by NMDA Experiments were performed on 14 adult turtles (Pseudemys is generated by intrinsic membrane properties resistant to scripta). From deeply anesthetized animals (pentobarbitone, 100 TTX (Fig. 2) . The intrinsic oscillations induced by NMDA mg kg 01 ip), transverse slices (1.5 mm) were obtained from the in the presence of TTX were abolished by nifedipine (n Å hindlimb enlargement of the spinal cord and kept at room tempera-8; Fig. 2 , Ba and Bb). This suggests that the effect of nifediture (20-22ЊC) in a recording chamber perfused with oxygenated pine was produced postsynaptically.
(98% O 2 -2% CO 2 ) medium (in mM: 120 NaCl, 5 KCl, 15 NMDA-induced oscillations were also reduced by antago-NaHCO 3 , 2 MgCl 2 , 3 CaCl 2 , and 20 glucose, to obtain a pH of nists, selective for the benzothiazepine and the phenylalkylamine sites on L-type calcium channels (Fig. 3 and Table  The costs of publication of this article were defrayed in part by the 1). Figure 3A shows an example where 100 mM D600, a payment of page charges. The article must therefore be hereby marked phenylalkylamine, applied for 10 min, reduced the NMDA- Abolishing or suppressing effects evoked by AP5, nifedipine, and verapamil / diltiazem were seen in the presence of tetradotoxin in 4, 8, and 4 cases, respectively. ''Suppress only'' means that the rhythm is irregular and the amplitude is reduced as in Fig. 3A . NMDA, N-methyl-D-aspartate; AP5, 2-amino-5-phosphonopentanoic acid; D600, gallopamil.
D I S C U S S I O N
The results show that intrinsic oscillations induced by NMDA in mature lumbar motoneurons are abolished or reduced by antagonists of L-type calcium channels. As in other preparations, the oscillations are also blocked by NMDA receptor antagonists.
NMDA-induced oscillations were blocked by three different classes of antagonists with distinct binding sites on the a1 subunit of the L-type calcium channel (Hockerman et al. 1997 ). This makes cross reaction with the NMDA receptor channel complex (Filloux et al. 1994 ) and other nonspecific actions (Diochot et al. 1995) unlikely explanations for the present findings. Furthermore, the higher effectiveness of FIG . 1. N-methyl-D-aspartate (NMDA) -induced rhythmic activity in motoneuron blocked by 2-amino-5-phosphonopentanoic acid (AP5) and nifedipine. A: intracellular record of rhythmic activity induced by 30 mM NMDA. B: rhythmic activity replaced by tonic activity (a) or stable membrane potential (b and c) by adding 25 mM AP5 to the bath for a 10-min period. Bias current (nA) indicated to the right above each trace. C: recovery of NMDA-induced rhythmicity after washing out AP5. D and E: similar reversible effects were produced by subsequently adding 7 mM nifedipine for 8 min. Calibration: 10 mV, lower bound at 070 mV. Action potentials were truncated. tude. D600 did not hyperpolarize the neuron, and oscillations could not be restored by application of bias current. Oscillations fully recovered in absence of D600 (Fig. 3Ac) .
The incomplete block of NMDA-induced oscillations, sometimes seen with antagonists for the phenylalkylamine or the benzothiazepine sites on L-type calcium channels, We also noted that oscillatory properties were not induced Note that rhythms induced by NMDA in this preparation varied from Ç0.1 by depolarization alone or by facilitation of L-type calcium to 0.5 Hz; slower rhythms were often seen in the presence of TTX (present 
